Purpose: HIFU has been emerging as an effective and safe modality for the treatment of solid tumours and cancers. The focus shifting range of phased array HIFU transducer is an important safety concern because of the presence of grating lobe in the pre-focal region. However, previous studies were only based on linear acoustic wave model. Materials and methods: The nonlinear wave propagation from a 256-element phased array through multiple layered media was simulated using the angular spectrum approach (ASA) in marching fractional steps with the consideration of diffraction, attenuation and non-linearity effects by a secondorder operator splitting scheme. The distribution of acoustic intensities, temperature elevations, lesion sizes and grating lobe levels were calculated at various axially post-focal shifting distances and driving frequencies. Results: Axially shifting HIFU focus leads to significant increase of the acoustic intensity at the grating lobe, but decrease at the main lobe. The influences on the acoustic field, thermal field and lesion sizes are determined by the shifting distance and driving frequency, and variations can be fit monotonically and linearly. Prediction accuracies by simple regression models are satisfactory. Irreversible tissue coagulation could be generated by the grating lobe at certain conditions. Conclusions: The established nonlinear wave propagation algorithm allows the accurate description of HIFU field and consequently the evaluation of grating lobe and steerability of focus. The influence of focus shifting may be predicted simply. The treatment planning of phased array HIFU ablation could be optimised by setting the appropriate exposure and focus scanning schemes.
Introduction
High-intensity focussed ultrasound (HIFU) has been used safely and effectively for thousands of patients worldwide with either benign or malignant tumours since 1990s [1] . Compared with the other ablative modalities, HIFU ablation is the really non-invasive option with the fewest complications. There is theoretically no upper limit of the HIFU retreatment sessions [2] . In addition to curative treatment and the extension of life expectancy, HIFU can reduce or eliminate the tumour-related pain and thus improve the quality of life for patients, especially those with cancer metastasis. Focusing the ultrasound beam is one of the key issues. Self-focussing using a spherically concave transducer or the use of acoustic lenses in front of flat transducer generates a fixed and single focus at the position determined by the geometrical specifications. HIFU focus should be scanned mechanically throughout the whole target. Although such approach is reliable and simple in the control, the motor motion speed is low, which may lead to impractically long treatment duration. The other scheme is the use of a phased array [3] . By the control of driving signals (the amplitude and phase) to each element, beam shifting, beam shape reshaping, and formation of multiple foci could be achieved. The interval time between sonication points is shortened dramatically, allowing a rapid dynamic control of the focussing and a real-time tracking of the respiratory-induced organ motion (e.g. kidney and liver) [4] . The phased array can also correct the wave aberration due to its propagation through heterogeneous media and avoid the obstacles (e.g. ribs), making it more versatile and flexible.
Several studies have already shown that near-field thermal build-up or secondary maximum occurs in the proximal tissues for the skin burn when executing the HIFU ablation using a phased array transducer [5, 6] . Such heating could be mitigated by active cooling or by slowing down the treatment time, but neither of them is ideal. The grating lobe is mainly due to the overlap of the acoustic beam. If the focus is shifted away from the geometrical focal point, a reduction in the acoustic intensity at the focus and simultaneous increase of the grating lobes will occur, and the influence becomes significant with the shifting distance [7] . Therefore, the accepted steering range is a key metric for the phased array with regard to its safety and efficacy. A good understanding of the relationship between the focus shifting distance and the grating lobe or the main lobe can provide valuable guidelines for the design of phased array transducer and HIFU treatment planning, particularly in determining the trade-offs between the transducer complexity and the desired beam characteristics for a specific clinical application. In the numerical simulation, it is found that shifting the focus of concave phased array in one direction will cause the grating lobe to grow symmetrically in the opposite direction [8] . Therefore, steering the focus in the post-focal region will further enhance the grating lobe in the pre-focal region, which is greatly undesired. In addition, the focus steering is only feasible in the axial direction for the concentric-ring array [9, 10] .
In most of the studies for the grating lobe [11] [12] [13] , the acoustic pressure was often calculated using a form of the Rayleigh-Sommerfeld sum based on the linear acoustic wave propagation. The FIELD II programme [14] and the fast nearfield method (FNM) [15] were also used. However, because of high power applied to HIFU transducer, nonlinear acoustic effect during the wave propagation towards the focus is never negligible, leading to the production of high order harmonics and distortion of the waveform or an even abrupt rise of positive pressure (shock front). As the acoustic absorption is proportional to the frequency, the enhancement ratio of absorbed acoustic energy at the beam focus of HIFU transducer increases significantly, which leads to the temperature rise up to 100 C in milliseconds during HIFU sonication to produce large boiling bubbles [16] . Meanwhile, À6 dB beam size also varies with the acoustic intensity at the focal point [17] . In our previous study, an angular spectrum approach (ASA) with marching fractional steps was applied in the wave propagation from phased-array HIFU transducer, and diffraction, attenuation, and non-linearity effects were accounted for by a second-order operator splitting scheme [18] . Better agreement was found between the measured harmonics distribution and simulation using the proposed algorithm than the Khokhlov-Zabozotskaya-Kuznetsov (KZK) equation. Various focussing strategies (geometric focussing, transverse shifting and the generation of multiple foci) through multiple-layered media can be simulated from the transducer with an arbitrary shape in high computation accuracy. The shifting and splitting of focus were found to result in significantly less temperature elevation at the focus, and subsequently, the smaller the lesion size the larger the grating lobe in the pre-focal region.
In this study, the effect of axial focus shifting on both the acoustic and thermal field within a small range around the resonant frequency was investigated. The nonlinear acoustic wave propagation from a 256-element phased array HIFU transducer through multiple-layered media was simulated using the established ASA algorithm. Temperature elevations induced by the HIFU ablation (2 s exposure followed by 3 s cooling) was then calculated using the BioHeat equation, from which the lesion area and volume were determined. The safety concern related to the grating lobe was notified at the various axial focus shifting distances from 0 cm to 2.5 cm and driving frequency from 0.9 MHz to 1.1 MHz. The grating lobe level defined as the ratio of the acoustic intensity of the grating lobe to that of the main lobe in decibel and the thermal dose at the grating lobe was used to evaluate the potential of injury. Simple regressions could be fitted to the calculated values (e.g. acoustic intensity and temperature elevation) for easy and quick estimation of HIFU planning.
Materials and methods

HIFU-phased array
To simulate the HIFU ablation for the deep-seated tissue (e.g. liver), a 256-element spherically focussed phased array transducer (H-169, a focal length of 200 mm, an active diameter of 200 mm, a central opening of 64 mm, the central frequency of 1 MHz, Sonic Concepts, Bothell, WA) was used. Circular elements with the diameter of 1 cm are regularly allocated on the concave surface. A multiple layer model modified from the human abdomen was used in the simulation (see Figure 1) . Physical properties of all media used in the simulation are from the previous studies [18] and listed in Table 1 . To include a pronounced nonlinear effect in the acoustic wave propagation, the acoustic pressure at the transducer surface was set as 300 kPa (3 W/cm 2 ). In addition, the driving frequency of the HIFU transducer was in a small region of its resonant frequency (e.g. from 0.9 MHz to 1.1 MHz in a step size of 0.05 MHz).
Acoustic model
The pressure field generated by a harmonically excited circular element is given by the FNM with the coordinate system aligned at the element centre [15] :
where a is the radius of the element, u 0 is the velocity on the element surface. This approach allows the easy 1-D integral over w by the middle-point Riemann sum. The element response function array (ERFA) method [19] was used to calculate the initial plane pressure, 1.5 mm in front of the aperture. The response of each transducer element was stored as a separate page in a 3 D array and repeated for the others, resulting in 256 pages for the 256-element array. The initial pressure plane is the sum of all pages, and then the nonlinear wave propagation was simulated using the proposed ASA algorithm [18] . Briefly, the propagation of finite-amplitude acoustic waves over incremental distance, Dz, was accomplished by first solving a half-step with the diffraction operator, then a full step with non-linearity and attenuation operator, and finally another half-step with the diffraction operator [18, 20] .
The pressure could be derived from the 2-D spatial convolution between the input pressure at z 0 and the spatial propagator h p .
pðx; y; z 0 þ Dz; xÞ ¼ pðx; y; z 0 Þ h p ðx; y; Dz; xÞ
Performing 2-D Fourier transforms on both sides of Equation (3) obtains
H p ðk x ; k y ; Dz; xÞ is given by the analytical Hankel transform of h p ðx; y; Dz; xÞ.
The spatial sampling interval along the x and y direction is both 0.2 mm (1024 Â 1024 grid on the transverse plane), and the angular spectrum of the input plane is calculated using a 2-D FFT. Meanwhile, the axial spatial sampling intervals vary in the different media (1/5 -1/3 of wavelength): k w /4 (46 grids) in water, k s /5 (12 grids) in skin, k f /4 (39 grids) in fat, k m /4 (52 grids) in muscle and k l /3 (276 grids) in liver, respectively. Distortion of finite-amplitude wave occurs in the propagation due to convective and nonlinear effects over incremental steps, which can be expressed as given in reference [21] :
where b is the nonlinearity coefficient, f 0 is the driving frequency and the frequency dependence of the attenuation coefficient is given by aðf Þ ¼ a 0 f b . The maximum number of harmonics retained in the simulation was up to 20, which was large enough for the significant waveform distortion due to the apparent nonlinear acoustic effect [18] . The 3-D ERFA array was pre-calculated for unit amplitude and zero phase on all elements. The phases applied to the elements for the desired focus shifting are calculated by the Huygen's principle. The pseudo-inverse approach was applied to determine the final driving signal using the weighted minimum-norm solution for a full rank matrix [3] . An iterative weighting algorithm was utilised to achieve the specified power deposition at the desired focal location with nearly 100% array excitation efficiency. The refraction occurring at the tissue interface was compensated by backward propagating the acoustic field towards the transducer surface [18] . Each page of ERFA was multiplied with its respective phase and amplitude. HIFU focus was only steered axially and postfocally with the shifting distances from 0 cm (geometric focus) to 2.5 cm.
Thermal model
The Bio-Heat transfer equation (BHTE) was used to simulate the temperature elevation and lesion formation by HIFU [22] :
where q is the density of the tissue, C t is the specific heat of the tissue, T is the temperature at time t, j is the thermal conductivity, C b is the specific heat of the blood, W b is the blood perfusion rate, T a is the temperature at large distances, which corresponds to the initial condition value and Q p is the power deposited from the focussed ultrasound beam:
The thermal properties of the liver are as follows:
. The BHTE was solved using the finite-difference time-domain (FDTD) method in a temporal step size of 0.01 s with the initial and boundary conditions of 37 C. The thermal dose, an equivalent exposure time at 43 C (CEM43), is used to characterise the ablation outcome [23] .
where R is 0.5 for T ! 43 C and 0.25 for T < 43 C. The lesion formation requires a thermal dose of a 240-min exposure at 43 C (240D43). The schemes for the HIFU ablation were 2 s-heating followed by 3 s-cooling. All the simulations ran in MATLAB (R2010b, Mathworks, Natick, MA) on a PC (3.3 GHz IntelVR CoreTM i5-2500 CPU, 4 GB RAM) with Windows 7 32-bit operating system.
Performance prediction
The simulated key performances of phased-array HIFU ablation at the varied axially post-focal shifting distances in this study, such as the acoustic and thermal field characteristics (e.g. acoustic intensity, temperature elevation, thermal dose and lesion volume), could be fitted by some simple regression models (e.g. linear and exponential growth functions). Using such regression models, the performance could be predicted easily without time-consuming calculation at the same output power. The prediction errors, which are defined as the percentages of the difference between the calculated and predicted values with respect to the calculated values, were used for the quantitative evaluation.
Results
Comparison between linear and nonlinear model
The axial distribution of acoustic intensity and the temperature elevation at the focus using the linear acoustic model was simulated by turning off the nonlinear term in the ASA algorithm and then compared with the results using the proposed nonlinear model as shown in Figure 2 . With the increase of axial focus shifting distance, the acoustic intensity at the synthesised focus decreases while that at the grating lobe increased. If the nonlinear wave propagation is considered in the simulation, the increases of acoustic intensity at the focus are almost the same (by 1. . Meanwhile, significant differences in the temperature elevations by 2 s-HIFU exposure were also found using the predicted acoustic intensity and absorbed acoustic energy by the linear and nonlinear model (see Figure 2(b) ). The maximum temperature elevations increased by 1.26-fold (67.8 C vs. 85.2 C) and 1.23 fold (42.1 C vs. 52 C) at the geometric focus and at the axial focus shifting distance of 2.5 cm, respectively. Therefore, in order to accurately describe the acoustic and thermal field generated by the phased array HIFU transducer nonlinear acoustic wave model is required, which is similar to the conclusion from single-element HIFU transducer [24, 25] .
Acoustic field
The axial plane (xz) distributions of the acoustic intensity at different frequencies are shown in the left column of Figure 3 . It is found that the synthesised main lobe is small in both axial and lateral direction at the high driving frequency, but the grating lobe becomes significant and locates close to the main lobe. As the synthesised focus is shifted along the transducer axis, the grating lobe also appears on the axis. The axial distribution of acoustic intensity and the peak values at the main lobe and the grating lobe with the various axial focus shifting distances and driving frequencies are shown in Figure 4 . The acoustic intensity at the geometric focus of the HIFU transducer increases slightly with the driving frequency, from 3610 W/cm 2 at 0.9 MHz to 3788 W/ cm 2 at 1.1 MHz. À3 dB intensity or À6 dB pressure beam length decreases from 7.9 mm at 0.9 MHz to 6.5 mm at 1.1 MHz. With the increase of axial focus shifting distance, the acoustic intensity at the main lobe decreases gradually. At the axial focus shifting distance of 2.5 cm, the acoustic intensity at the steered main lobe decreases with the driving frequency from 2208 W/cm 2 at 0.9 MHz to 2074 W/cm 2 at 1.1 MHz, and such relationship with the driving frequency seems to reverse at the shifting distance of 1.5 cm (see Figure 4 (c)). The increase of À3 dB intensity beam length at the low frequency is larger, 1.24-fold and 1.16-fold at 0.9 MHz (from 7.9 mm to 9.8 mm) and 1.1 MHz (from 6.5 mm to 7.6 mm), respectively. In comparison, the grating lobe becomes significant with the axial focus shifting distance and larger than the side lobe. It suggests that large steering distance should be avoided for the concern of any side effects associated with the grating lobe. At the geometric focus, the acoustic intensity at the grating lobe decreases slightly with the driving frequency from 166. grating lobe is more significant than that on the main lobe. The increase of the grating lobe (4.6-fold at 1 MHz) is much higher than the decrease of the main lobe (1.7-fold) for the focus shifting axially by 2.5 cm. As a result, the grating lobe level increases from about À14 dB to À4 dB. The safe criterion of grating lobe level of À10 dB will not be met at the axial focus shifting distance larger than about 8 mm (see Figure 4(d) ). In addition, the location of grating lobe moves away from the transducer at the slope of about 0.4 cm/MHz at all driving frequencies with respect to the axial focus steering distance (see Figure 4(f) ). In addition, the increases of À3 dB intensity beam length of the grating lobe with the axial focus shifting distance at all driving frequencies are similar, 1.36-fold (from 4.9 mm to 6.6 mm) at 0.9 MHz and 1.34-fold (from 4.5 mm to 6.0 mm) at 1.1 MHz, respectively. Axial acoustic intensity distribution with the axial focus shifting distance of (a) 0 cm and (b) 2.5 cm, variations of the acoustic intensity of (c) main lobe and (d) grating lobe, (e) the grating lobe level and (f) the location of grating lobe with the axial focus shifting distance varying from 0 cm to 2.5 cm and driving frequency varying from 0.9 MHz to 1.1 MHz.
Thermal patterns
The thermal field during HIFU ablation and consequent lesion production were calculated. The pattern of thermal field is similar to that of acoustic intensity (see the right column of Figure 3 ). The variations in the acoustic intensity by shifting the focus axially and driving frequency lead to the changes of temperature elevations in both the main lobe and grating lobe (see Figure 5 ). The high driving frequency always has high-temperature elevation at all axial steering distances of HIFU focus. The maximum temperature elevations decrease quasi-linearly with the axial focus Figure 5 . The temperature elevation of main lobe with the axial focus shifting distance of (a) 0 cm and (b) 2.5 cm, (c) the maximum temperature during the HIFU ablation with the various axial focus shifting distance from 0 cm to 2.5 cm, and the temperature elevation of grating lobe with the axial focus shifting of (d) 0 cm and (e) 2.5 cm, (f) the maximum temperature during the HIFU ablation with the various axial focus shifting distances from 0 cm to 2.5 cm at the driving frequency from 0.9 MHz to 1.1 MHz.
shifting distance, and the high driving frequency has a large decreasing rate (10.72 C/cm at 0.9 MHz vs. 15.72 C/cm at 1.1 MHz, see Figure 5 (c)). It suggests that the influence of the driving frequency on the thermal field decreases with the focus shifting distance. In contrast, the temperature elevation of the grating lobe increases quasi-linearly with the axial focus shifting distance, and high driving frequency has a large increasing rate (from 3.22 C/cm at 0.9 MHz to 4.89 C/cm at 1.1 MHz, see Figure 5 (f)). Subsequently, the axial distribution of the thermal dose was calculated (see Figure 6 ). Although the maximum temperature elevation decreases with the axial focus shifting distance, large lesion could be produced at the low frequency due to the increased beam length. The increases of lesion length at all driving frequencies are similar, from 17.5 mm to 19.6 mm at 0.9 MHz and from 15.1 mm to 16.1 mm at 1.1 MHz, respectively. It is also found that the thermal dose at the grating lobe increases rapidly when the axial focus shifting distance is larger than 1.5 cm and could be larger than the threshold of tissue coagulation (240D43) at the frequency of 1.1 MHz and 1.05 MHz and axial focus shifting distance of 2.5 cm (see Figure 6 (c)). Therefore, there is a trade-off for the driving frequency during the HIFU ablation, the high frequency accelerating the focal heating and also greatly speeding up the undesirable heating of the grating lobe in the pre-focal region.
The lesion volume and focal area decrease with the axial focus shifting distance in a nonlinear manner, unlike the trend for the acoustic intensity (see Figure 7) . On average, the lesion area on the lateral plane (xy plane) reduces around 36%, and the frequency seems not to have a great impact on it. The relationship of the lesion area on the axial plane (xz plane) with the axial focus shifting distance is almost parallel to each other at all frequencies, decreasing by 12.4% at 0.9 MHz and by 18.4% at 1.1 MHz, respectively. In comparison, the high driving frequency has a great impact on the lesion volume, decreasing by 25.2% at 0.9 MHz and by 35.9% at 1.1 MHz for the axial focus shifted by 2.5 cm, respectively.
Power compensation
To retain a uniform lesion ablation, power compensation in the process of HIFU focus steering is always necessary to replenish the power loss. Figure 8 shows that the power compensation levels with respect to the geometrically focussing (non-steering case) increase exponentially with the axial focus shifting distance, and high frequency needs large power compensation. Shifting the HIFU focus axially for 2.5 cm needs about 63-130% more power in the compensation. However, as shown early that the pre-focal heating increases with the power applied to the HIFU transducer and the axial focus shifting distance, high power compensation results in high power accumulated in the near field. Consequently, more undesirable pre-focal heating would be produced. Therefore, there is another trade-off between the lesion uniformity and the near-field heating.
Prediction accuracy
The characteristics of acoustic field, thermal field and produced lesion at the various axial focus shifting distances from 0 cm to 2.5 cm and driving frequencies from 0.9 MHz to 1.1 MHz can be predicted by simple models, such as the lesion volume at the focus and the position of grating lobe by a linear regression and the thermal dose at the grating lobe by an exponential growth regression, respectively. The corresponding prediction errors are shown in Figure 9 . It is found that the errors are quite satisfactory, usually within the range from À3% to 3%. The predictions for the other variables, such as acoustic intensity, temperature elevation and grating lobe level, are similar (data not included). The only exception is the thermal dose at the very weak grating lobe (e.g. prediction error >100% for less than 2D43). However, such a small thermal dose does not affect the thermal field or the production of the lesion significantly.
Discussion and conclusions
The hyperthermia and ablation by the phased array provide several advantages over the single-element transducer. The acceptable focus shifting distance is critical in both the transducer design and HIFU treatment planning. In this study, the acoustic intensity distribution of a 256-element phased array HIFU transducer through multiple layer tissues was first simulated using the established algorithm at the various axially post-focal shifting distances and driving frequencies [18] . Then, the temperature elevation and thermal dose during HIFU exposure were determined. Most of the current simulations of acoustic field produced by phased-array are only based on the linear wave model because KZK model can only be applied to axially symmetric source at a moderate converging angle [12, 18, 20] . In comparison to the prediction using the linear wave model, significantly higher acoustic intensity and temperature elevations were found. Variations of the grating lobe were calculated for the safety concern. Figure 8 . Power compensation at the various axial focus shifting distances from 0 cm to 2.5 cm and driving frequencies from 0.9 MHz to 1.1 MHz. Figure 9 . Prediction errors of the lesion volume at the focus (solid symbol) and the location of grating lobe (hollow symbol) using a linear model and the thermal dose at the grating lobe (hollow symbol with crosshair) at the various axial focus shifting distances from 0 cm to 2.5 cm and driving frequencies from 0.9 MHz to 1.1 MHz. Both the axially post-focal shifting distance and driving frequency affect the location, size and level of the grating lobe for the undesired tissue coagulation. Conventionally, steering the focus of a phased array is considered safe if the maximum intensity of grating lobe is À10 dB less than that of the focal intensity in the linear wave propagation [7, 26] . Similar criterion, À10 dB as the optimal class and À7 dB as the suboptimal class, was used in evaluating the steering ability of random sparse arrays and aperiodic arrays [27] . Since the nonlinearity of wave propagation is dependent on the acoustic pressure, the acoustic intensity at the focus increases significantly with the power applied while that of the grating lobe increases quasi-linearly. Therefore, absolute acoustic pressure, acoustic intensity and thermal dose of the grating lobe in the pre-focal region during the HIFU exposure instead of relative grating lobe levels should be considered for the production of irreversible necrosis. Quantitative determination of acoustic and thermal pattern of the grating lobe is critical. Although the grating lobe level is not significant at the small axial focus shifting distance, the temperature baseline will increase gradually because of the thermal diffusion effect [28] during the HIFU ablation through the target volume which usually takes 1-3 h (median, 2.2 h) for breast cancer (size range from 2 to 4.8 cm in diameter, mean of 3.4 cm) with a margin of breast tissue of about 1.5-2.0 cm around the visible tumour in clinics [29] . As a result, the produced lesion pattern which is dependent on the scanning pathway becomes larger with the progress of HIFU ablation [28] . Thus, it is highly possible that the lesion in the pre-focal region does not appear at the beginning of HIFU ablation, but after some time.
The acoustic intensity of the main lobe decreases almost linearly with the axial focus shifting distance (Person's correlation coefficient of À1, p < 10 À6 ) while that of the grating lobe increases almost linearly (Person's correlation coefficient of .997, p < 10 À5 ). The maximum temperature rise in the near field during volumetric MR-HIFU ablation was found to correlate linearly with the surface energy density, which provides a priori safety check in an easy way [30] . The quasi-linear relationship between the peak of acoustic intensity (at both main and grating lobe) and axial focus shifting distance would allow the clinician a quick and reliable evaluation of HIFU planning to avoid the excessive near-field temperature rise with the quite satisfactory prediction accuracies, but without the time-consuming numerical simulation whose accuracy may be comprised by the inhomogeneities and large variations in the physical properties of biological tissue and use is not conventionally adopted by clinical operators. At the different power outputs or transducer designs, the same regression models can be used to fit the coefficients. In addition, the energy loss due to the focus shifting is not because of the acoustic attenuation in the longer propagation distance, but due to the wide spread of acoustic energy (e.g. increased beam size). The ratio of the acoustic intensity of the electronically shifted beam to that of the mechanically moved beam for 1 cm post-focally is 89% (data not included), which means that the energy loss is not totally transferred to the grating lobe. Although the power compensation could ensure the same acoustic intensity delivered to the steered focal point, it is not preferred because of the significant grating lobe and subsequently near-field heating. The temperature elevation at the main lobe is high, and the thermal dose is beyond the threshold for tissue coagulation for HIFU ablation. The high temperature is also one of the reasons for HIFU-associated pains in the target. Treatment strategies for delivering the thermal dose just beyond the threshold in a short time with wide spreading, such as binary feedback control of heating time relying on rapid MR thermometry [31] and minimising individual heating and inter-pulse cooling times while adhering to constraint limits of normal tissue at each sonication position [32] , are preferred. The grating lobe level relies not only on the focus shifting distances but also on the configurations of phased array [33] . Theoretically, phased array with element size less than half of the wavelength (< k/2) will achieve the best grating lobe level because small elements are less directional and provide the better steering abilities [34] . To meet such a criterion, the low frequency is preferred. Despite its high penetration depth, low acoustic attenuation, low threshold for acoustic cavitation and small grating lobe for the near-field heating, its shortcomings include the less significant effect of nonlinear acoustic wave propagation, the lower temperature elevation at the main lobe, and the larger beam size (both axial and lateral). However, fabrication of such small elements is very difficult even at the frequency of sub-MHz. Furthermore, the number of elements and subsequently, the cost and complexity in the assembly and control of each channel increases dramatically with the decreased element size despite the technical possibility. Formation of the grating lobes is also dependent on the element positions. Regular and periodic alignment results in a strong grating lobe and small steering of the beam [27, 35] . The use of random or sparsephased array can suppress the grating lobe, hence enhancing the steering ability [12, 26] . But it is at the cost of high power output and large aperture size in order to maintain the similar output as the conventional design. Electronically steering of the randomised phased array also has the significant thermal dose deposited in the near-field region over mechanical steering of the same transducer [36] . Because of the limited bandwidth of each HIFU transducer, the driving frequency can vary in a small range during the ablation. Subsequently, the location of grating lobe varies along the transducer axis, and the temperature elevation can be reduced by the spatial average effect, which has been confirmed in our experiment and will be reported soon.
If HIFU focus is shifted pre-focally towards the transducer, the grating lobe will appear in the post-focal region. Because of the high acoustic intensity at the focus in HIFU ablation, the negative pressure may be beyond the cavitation threshold to induce bubbles, which will shield the propagation of HIFU bursts in the post-focal region and scatter them towards the transducer. Therefore, the HIFU generated lesion changes its shape from cigar to tadpole with the large head moving gradually to the acoustic source when increasing the power applied to the transducer [37] . The longer propagation distance in the tissue will also attenuate the acoustic wave further. Thus, it is reasonable that post-focal grating lobe is not serious as pre-focal one. Post-focal burning was seldom found unless the presence of high energy absorbing media, such as rib pain after HIFU treatment of breast cancer [38] . The steering capability of phased array with single focus was investigated here. But it is not straightforward to assess the multiple foci as the superposition of several single focus cases. It has been shown that multiple foci synthesis has an inferior steering ability due to the increased grating lobe level by the acoustic wave interference [18] . A comparison between the single-focus and multiple foci scans showed that multiple foci can considerably reduce the treatment duration but increase the pre-focal heating [27, 35] . Therefore, great effort is required to reduce the grating lobe in the production of multiple foci by applying the appropriate apodization signals to each element.
In summary, the effect of axially post-focal shifting during the HIFU exposure has been assessed using the established algorithm which allows the simulation of nonlinear HIFU wave propagation from arbitrary excitation geometry through multiple tissue layers with different focussing strategies in an accurate and efficient way. Characteristics of both main and grating lobe could be determined quantitatively. The decrease of acoustic intensity of the main lobe, the increase in the grating lobe, the grating lobe level, and the shifting of grating lobe are all quasi-linearly related to the focus shifting distance, which allows easy estimation of the grating lobe for HIFU planning. Consequently, the temperature elevation at the main lobe, the lesion area and volume decreases with the shifting distance. High frequency always has high-temperature elevation and small lesion size at the main lobe, but the large decrease in the acoustic intensity with the focus shifting. In comparison, the thermal dose at the grating lobe could be large enough for tissue coagulation (240D43) when shifting the focus axially and post-focally. The criterion of À10 dB grating lobe level (acoustic intensity) to evaluate the safety of the steering ability may not be accurate, and the accumulated thermal dose using certain HIFU exposure scheme and scanning pathway is preferred in the evaluation. Prediction accuracies of the HIFU field characteristics using simple regression (e.g. the acoustic intensity, temperature elevation and lesion volume at the focus in a linear model, and the thermal dose at the grating lobe in an exponential growth model) based on the simulation data are satisfactory, which allows the easy and quick estimation of HIFU planning.
